In the present study, we investigated the role of TRPV4 in shear stress-induced endothelial Ca 2ϩ entry and the potential link between this signaling response and relaxation of small resistance arteries. Using immunohistochemical analysis and RT-PCR, we detected strong expression of TRPV4 protein and mRNA in the endothelium in situ and endothelial cells freshly isolated from mouse small mesenteric arteries. The selective TRPV4 agonist GSK1016790A increased endothelial Ca 2ϩ and induced potent relaxation of small mesenteric arteries from wild-type (WT) but not TRPV4 Ϫ/Ϫ mice. Luminal flow elicited endotheliumdependent relaxations that involved both nitric oxide and EDHFs. Both nitric oxide and EDHF components of flow-mediated relaxation were markedly reduced in TRPV4 Ϫ/Ϫ mice compared with WT controls. Using a fura-2/Mn 2ϩ quenching assay, shear was observed to produce rapid Ca 2ϩ influx in endothelial cells, which was markedly inhibited by the TRPV4 channel blocker ruthenium red and TRPV4-specific short interfering RNA. Flow elicited a similar TRPV4-mediated Ca 2ϩ entry in HEK-293 cells transfected with TRPV4 channels but not in nontransfected cells. Collectively, these data indicate that TRPV4 may be a potential candidate of mechanosensitive channels in endothelial cells through which the shear stimulus is transduced into Ca 2ϩ signaling, leading to the release of endothelial relaxing factors and flow-mediated dilation of small resistance arteries. transient receptor potential; endothelium; endothelium-derived factors; calcium signaling SHEAR STRESS generated by blood flow is an important physiological stimulus for vascular endothelial cells (ECs). In most vascular beds, flow induces the release of endothelial vasodilator factors that subsequently cause relaxation of underlying smooth muscles, a phenomenon known as flow-mediated dilation (6). Ca 2ϩ signaling has been thought to be involved in endothelial mechanotransduction and flow-mediated dilation (9). In ECs, an increase in the intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ) triggers the synthesis of each of the three major endothelium-derived vasodilators: nitric oxide (NO), prostacyclin, and EDHF(s) (14). The application of shear stress increases [Ca 2ϩ ] i in ECs from a variety of vascular beds (18, 22, 23, 34, 35) . The molecular identity of the potential Ca 2ϩ -permeable channel(s) involved in shear signal transduction remain largely uncharacterized.
In the present study, we investigated the role of TRPV4 in shear stress-induced endothelial Ca 2ϩ entry and the potential link between this signaling response and relaxation of small resistance arteries. Using immunohistochemical analysis and RT-PCR, we detected strong expression of TRPV4 protein and mRNA in the endothelium in situ and endothelial cells freshly isolated from mouse small mesenteric arteries. The selective TRPV4 agonist GSK1016790A increased endothelial Ca 2ϩ and induced potent relaxation of small mesenteric arteries from wild-type (WT) but not TRPV4 Ϫ/Ϫ mice. Luminal flow elicited endotheliumdependent relaxations that involved both nitric oxide and EDHFs. Both nitric oxide and EDHF components of flow-mediated relaxation were markedly reduced in TRPV4 Ϫ/Ϫ mice compared with WT controls. Using a fura-2/Mn 2ϩ quenching assay, shear was observed to produce rapid Ca 2ϩ influx in endothelial cells, which was markedly inhibited by the TRPV4 channel blocker ruthenium red and TRPV4-specific short interfering RNA. Flow elicited a similar TRPV4-mediated Ca 2ϩ entry in HEK-293 cells transfected with TRPV4 channels but not in nontransfected cells. Collectively, these data indicate that TRPV4 may be a potential candidate of mechanosensitive channels in endothelial cells through which the shear stimulus is transduced into Ca 2ϩ signaling, leading to the release of endothelial relaxing factors and flow-mediated dilation of small resistance arteries. transient receptor potential; endothelium; endothelium-derived factors; calcium signaling SHEAR STRESS generated by blood flow is an important physiological stimulus for vascular endothelial cells (ECs). In most vascular beds, flow induces the release of endothelial vasodilator factors that subsequently cause relaxation of underlying smooth muscles, a phenomenon known as flow-mediated dilation (6) . Ca 2ϩ signaling has been thought to be involved in endothelial mechanotransduction and flow-mediated dilation (9) . In ECs, an increase in the intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ) triggers the synthesis of each of the three major endothelium-derived vasodilators: nitric oxide (NO), prostacyclin, and EDHF(s) (14) . The application of shear stress increases [Ca 2ϩ ] i in ECs from a variety of vascular beds (18, 22, 23, 34, 35) . The molecular identity of the potential Ca 2ϩ -permeable channel(s) involved in shear signal transduction remain largely uncharacterized.
Recent studies have indicated that the transient receptor potential (TRP) vanilloid 4 (TRPV4) channel, a Ca 2ϩ -permeable cation channel of the TRP channel superfamily, is expressed in vascular ECs of several species (13, 21, 24, 27, 29, 33, 43, 46, 49) . TRPV4 is activated by both chemical and physical stimuli, including the synthetic phorbol derivative 4␣-phorbol-12,13-didecanoate (4␣-PDD) (40) , arachidonic acid and its metabolites [such as epoxyeicosatrienoic acids (EETs)] (39, 41) , moderate warmth (Ͼ27°C) (19, 42) , hypotonic cell swelling (26, 36) , pressure (37) , membrane stretch (38) , and shear stress (16) . Additionally, TPRV4 channels have been shown to participate in the regulation of vascular tone, including flow-mediated dilation (13, 21, 24, 27, 29, 33, 43, 49) . In particular, genetic deletion of TRPV4 channels results in blunted flow-mediated dilation of mouse carotid arteries (21, 27) .
It has yet to be determined whether TRPV4 channel deletion affects the flow-induced dilation of small resistance arteries. This is important since tissue perfusion is regulated at the level of small arteries and arterioles and, therefore, flow-induced dilation is most significant in those vascular beds. Furthermore, although shear-induced Ca 2ϩ responses have been reported in TRPV4-overexpressing human embryonic kidney (HEK)-293 cells (16) , it remains to be determined whether shear induces TRPV4 activation and Ca 2ϩ entry in native vascular ECs. In the present study, we examined the expression of TRPV4 and the effects of channel activation on endothelial [Ca 2ϩ ] i and the release of endothelial relaxing factors in mouse small mesenteric arteries. We also investigated the effects of genetic deletion or blockade of TRPV4 on flow-induced NO-and EDHF-dependent dilation of small mesenteric arteries and on flow-induced Ca 2ϩ signaling in ECs. Finally, we further confirmed flow-induced Ca 2ϩ entry through TRPV4 channels in HEK-293 cells overexpressing these channels.
METHODS

Animals. Male TRPV4 knockout (TRPV4
Ϫ/Ϫ
; n ϭ 33) (37) and male wild-type (WT) C57BL/6J mice (n ϭ 44) were used in this study. TRPV4
Ϫ/Ϫ mice were kindly provided by Dr. Suzuki (Jichi Medical University). Animals were maintained in our animal facility and used at 2-4 mo of age. This study was approved by the Institutional Review Committee. All experiments were conducted in accordance with Institutional Animal Care and Use Committee guidelines. Genotyping of WT and TRPV4
Ϫ/Ϫ animals was performed by PCR with the following primers: TRPV4, forward 5Ј-TGT TCG GGG TGG TTT GGC CAG  GAT AT-3Ј and reverse 5Ј-GCT GAA CCA AAG GAC ACT TGC  ATA G-3Ј (a 796-bp product in WT animals and no signal in TRPV4   Ϫ/Ϫ   animals); and knockout neomycin cassette, forward 5Ј-GCT GCA TAC  GCT TGA TCC GGC TAC-3Ј and reverse 5Ј-TAA AGC ACG AGG  AAG CGG TCA GCC-3Ј (a 366-bp product in TRPV4 Ϫ/Ϫ animals). Cell culture. Human coronary artery ECs (HCAECs) were obtained from Lonza (Walkersville, MD) and cultured in full growth medium (EGM-2 MV, Lonza) at 37°C in a humidified incubator with 5% CO 2. ECs were subcultured when the cells reached 70 -80% confluence, and cells between passages 4 and 6 were used for experiments. HEK-293 cells were provided by Dr. David Wilcox (Medical College of Wisconsin) and grown in DMEM supplemented with 10% FBS, 100 U/ml penicillin G, and 100 g/ml streptomycin at 37°C and 5% CO 2. HEK-293 cells were used for the present study between passages 6 and 10.
Vascular cell dissociation. Mice were euthanized with an intraperitoneal injection of pentobarbital sodium (150 mg/kg), and mesenteric tissue was removed and placed in cold HEPES buffer containing (in mM) 138 NaCl, 4.0 KCl, 1.6 CaCl 2, 1.2 MgSO4, 1.2 KH2PO4, 5.5 glucose, and 10 HEPES (pH 7.4). First-or second-order branches (100 -200 m) from the superior mesenteric artery were quickly dissected, cleaned of connective tissue, and placed in cold HEPES solution. Vascular ECs and smooth muscle cells were enzymatically dissociated from arteries as previously described (48) . In brief, artery segments were cut into small rings and incubated for 10 min in a low-Ca 2ϩ dissociation buffer consisting of (in mM) 145 NaCl, 4.0 KCl, 0.1 CaCl2, 1.0 MgSO4, 10 glucose, and 10 HEPES with 0.1% BSA (pH 7.4). The buffer was carefully removed, followed by sequential incubation at 37°C with papain (1.0 mg/ml) and DTT (0.5 mg/ml) in dissociation buffer for 15 min and then collagenase (Sigma blend H, 2.5 mg/ml), trypsin inhibitor (1 mg/ml), and elastase (0.5 mg/ml) for 15-20 min. All enzymes and chemicals were purchased from Sigma. Artery segments were gently triturated to release ECs and smooth muscle cells. Cells were washed with dissociated solution and stored on ice for RT-PCR analysis as described below.
Isometric tension recording. Mouse small mesenteric arteries (100 -200 m) from WT and TRPV4 Ϫ/Ϫ mice were dissected as described above and mounted in a four-chamber wire myograph (model 610M, Danish Myo Technology) as previously described (48) . Artery segments were maintained at 37°C in Krebs physiological saline solution (Krebs-PSS) of the following composition (in mM): 123 NaCl, 4.7 KCl, 2.5 CaCl2, 1.2 MgSO4, 21 NaHCO3, 1.2 KH2PO4, 0.026 Na2EDTA, and 11 glucose. Krebs-PSS was prewarmed at 37°C and gassed with 21% O2-5% CO2 to maintain a pH of 7.4. The resting tension was set at 1 mN. Arteries were stimulated two times with a high-K ϩ Krebs solution (K-PSS), in which NaCl was substituted with KCl of equal molar concentration, for 3 min each at 10-min intervals. Vessels were then constricted to 50 -75% of maximum KCl responses with the thromboxane mimetic U-46619 (50 -300 nM). After the contraction reached steady state, relaxation responses to the selective TRPV4 agonists GSK1016790A (100 nM) and 4␣-PDD (1 M) were determined as paired rings in the absence or presence of following inhibitors: ruthenium red (10 M, a TRPV4 blocker) or N G -nitro-Larginine methyl ester (L-NAME; 100 M, a NO synthase inhibitor). To examine the role of smooth muscle hyperpolarization in GSK1016790A-induced relaxations, arteries were preconstricted with KCl (60 mM, equal molar substitution of NaCl). Where indicated, the endothelium was removed by gently rubbing the intimal surface of the artery with a wire or human hair. The endothelium was considered intact if acetylcholine (10 M) caused Ͼ80% relaxation of U-46619-precontracted arteries and effectively denuded if acetylcholine induced Ͻ10% relaxation. Vasodilator responses are expressed as percent maximal relaxation relative to U-46619 preconstriction, with 100% representing full relaxation to basal tension.
Videomicroscopy. Mesenteric arteries (100 -200 m) from WT and TRPV4
Ϫ/Ϫ mice were cannulated with two glass micropipettes for continuous videomicroscopic measurements of diameter as previously described (31, 50) . Vessels were pressurized to an intramural pressure of 60 mmHg under no-flow conditions and equilibrated at 37°C in Krebs-PSS gassed with 21% O 2-5% CO2. After 1 h of equilibration, arteries were preconstricted with U-46619 (10 -100 nM) to Ϸ50% of the baseline internal diameter. Flow was produced from a pressure gradient by changing the heights of two pressure reservoirs in equal and opposite directions, as previously described by Kuo et al. (25) . Flow-mediated dilations (5-40 cmH 2O) were examined on vessels before and after treatment with L-NAME (100 M) and/or indomethacin (10 M, a cyclooxygenase inhibitor) for 30 min. Some vessels were contracted with KCl (60 mM) to examine the contribution of smooth muscle hyperpolarization to relaxation responses. Vasodilator responses to papaverine (10 Ϫ4 M) were determined at the end of experiments. Vascular responses are expressed as percent maximal relaxation relative to U-46619 preconstriction, with 100% representing the passive baseline diameter.
Laminar flow chamber. A parallel plate chamber, as originally described by Frangos et al. (15) , was used to acutely shear ECs. Cells were grown to confluent in 35-mm glass bottom petri dishes and attached to a Vacu-Cell flow device (C&L Instruments) to form a rectangular flow chamber. The flow chamber was placed on the stage of an inverted microscope and assayed for changes in intracellular Ca 2ϩ as described below. Fluid flow through the chamber was driven by a syringe pump (Harvard Apparatus), and fluid flow rates were adjusted to generate a shear stress of 1-20 dyn/cm 2 . Fluid shear stress (in dyn/cm 2 ) was calculated using the equation: fluid shear stress ϭ 6Q/wh 2 , where is viscosity (0.007 Poise), Q is flow rate (in ml/s), w is the width of flow chamber (0.716 cm), and h is the height of chamber (0.025 cm).
Measurement of [Ca 2ϩ ]i. A fura-2 assay was used to measure [Ca 2ϩ ]i as we have previously described (47, 50) . In brief, cells were grown in 35-mm glass bottom petri dishes and loaded with fura-2 AM (5 M) at room temperature for 30 -60 min in modified HBSS that contained (in mM) 137 NaCl, 5.4 KCl, 1.3 CaCl2, 0.5 MgCl2, 0.4 MgSO4, 4.2 NaHCO3, 0.3 Na2HPO4, 0.4 KH2PO4, 5.5 glucose, and 20 HEPES (pH 7.4). Cells were washed and incubated in fresh HBSS for an additional 15-30 min to allow complete deesterization of the dye. Fluorescence images were captured and analyzed using an image system consisting of an inverted epifluorescence microscope (Nikon TE200) with a ϫ20 fluor objective, a high-speed wavelength switcher (Lambda DG-4 from Sutter Instruments), a PC-controlled digital charge-coupled device camera (Hamamatsu C4742-95), and Metafluor software (Universal Imaging). Fura-2 was excited alternatively at three wavelengths of 340, 360, and 380 nm. The emitted light was collected through an emission filter of 510 nm. Fura-2 fluorescence was measured every 3 s. Results are presented as the ratio of the fluorescence intensity at 340-versus 380-nm excitation (F340/F380). Endothelial [Ca 2ϩ ]i was measured in situ in freshly isolated mesenteric arteries using a modified method we have previously described (50) . An arterial segment was cut open along its longitudinal axis and pinned onto a Sylgard-coated dish with lumen side upward. Vessels were incubated with fura-2 AM (10 M) at room temperature for 60 min in Krebs-PSS, followed by the Ca 2ϩ assay as described above. The experiments were performed at room temperature for cells and at 37°C for isolated vessels unless otherwise indicated.
Ca 2ϩ influx assay. The Mn 2ϩ quenching technique (1, 20) was used to assess Ca 2ϩ influx into cells. Briefly, cells were loaded with fura-2 (5 M) as described above. The extracellular solution contained (in mM) 145 NaCl, 4 KCl, 1.6 MnCl2 (instead of CaCl2), 1.0 MgCl2, 10 glucose, and 10 HEPES (pH 7.4). The uptake of Mn 2ϩ , a Ca 2ϩ surrogate for Ca 2ϩ channels, was monitored by quenching of fura-2 fluorescence excited at 360 nm, an isosbestic wavelength not sensitive changes in [Ca 2ϩ ]i. Since basal Mn 2ϩ influx differed between experiments, the basal rate for 2-3 min was determined at the beginning of each experiment. The fluorescence intensity at 360 nm was normalized to the baseline, and the slope of Mn 2ϩ quenching measured by fitting a linear regression to the values over 1-2 min and reflected the rate of Mn 2ϩ influx. In some experiments, we performed simultaneous measurements of Ca 2ϩ influx and Ca 2ϩ release from intracellular stores. Ca 2ϩ release was measured as F340/F380, which is not modified by Mn 2ϩ quenching as long as the total Mn 2ϩ concentration does not exceed that of fura-2 (1). Since there was no external Ca 2ϩ in the extracellular solution, an increase in [Ca 2ϩ ]i reflected only the release of Ca 2ϩ from intracellular stores. Small interfering RNA transfection. For RNA inhibition experiments, knockdown of human TRPV4 was performed using On-Target plus SMART pool short interfering (si)RNA (Dharmacon). A nontargeting On-Target plus siControl (Dharmacon) was used as a control. Cells were transfected with siControl or TRPV4 siRNA (50 -100 nM) complexed with Lipofectamine 2000 (0.5 g/ml, Invitrogen) for 4 -6 h according to the manufacturer's instructions. Cells were cultured for an additional 48 -72 h in fresh media at 37°C, and mRNA and proteins were extracted for RT-PCR and Western blot analysis. Cells were examined for TRPV4 agonist-or flow-induced Ca 2ϩ responses 48 -72 h after transfection.
Transient expression of TRPV4. The full-length human TRPV4 cDNA clone was obtained from Origene and subcloned into pCMV6 mammalian expression vectors as a fusion protein with the COOHterminus tagged with turbo green fluorescent protein (GFP). This enhanced GFP has an excitation maximum of 482 nm, and therefore [Ca 2ϩ ]i can be simultaneously measured with fura-2 in cells expressing GFP. TRPV4-GFP coding plasmids were purified by an endotoxin-free plasmid kit (Qiagen) for subsequent transfection. The nucleic sequence of TRPV4-GFP constructs was verified by direct DNA sequencing. The TRPV4-GFP coding plasmids were transiently transfected into HEK-293 cells using the lipid-mediated Lipofectamine 2000 kit (Invitrogen) according to the manufacturer's protocols. In brief, cells were plated in 35-mm glass bottom petri dishes 24 h before transfection. Cells were transiently transfected with 1 g plasmid DNA/35-mm dish. Ca 2ϩ measurements were performed 24 -48 h after transfection. With transient transfection for 24 -48 h, 50 -80% of cells were found to express TRPV4-GFP fusion proteins based on fluorescence microscopic analysis. The expression of fusion proteins was also confirmed by Western blot analysis using both anti-TRPV4 and anti-GFP antibodies. The localization of fusion proteins in HEK-293 cells was also examined by confocal fluorescence microscope.
Immunofluorescence. Small segments of mouse mesenteric arteries were freshly dissected, embedded and frozen in OTC compound, and cut into 10-m sections. Some tissue sections were stained with hematoxylin and eosin to confirm the intact vascular structure before further processing for immunofluorescence staining. Tissue sections were washed in PBS and blocked with 5% normal goat serum in PBS containing 0.3% Triton X-100. Sections were incubated with a polyclonal antibody against TRPV4 (1:100 dilution, Alomone Labs) for 30 min at room temperature, followed by goat anti-rabbit IgG conjugated with Alexa fluor 568 for 1 h. After several washes with PBS, images were immediately captured using a regular fluorescence microscope.
Immunoblot analysis. ECs or HEK-293 cells were homogenized in ice-cold lysis buffer [50 mM Tris (pH 7.4), 150 mM NaCl, 1% deoxycholic acid, 0.1% SDS, and 0.5% Nonidet P-40] supplemented with a protease inhibitor cocktail (Roche) and centrifuged at 12,000 g for 10 min at 4°C. Protein samples (10 -20 g) were subjected to 10% SDS-PAGE and transferred to polyvinylidene difluoride or nitrocellulose membranes. Membranes were blotted with a polyclonal antibody against TRPV4 (1:1,000 dilution, MBL), a polyclonal antibody against GFP (1:15,000 dilution, Evrogen), or a monoclonal antibody against ␤-actin (1:10,000 dilution, Abcam AC-15 clone), followed by horseradish peroxidaseconjugated secondary antibodies. After being washed with Tris-buffered saline-Tween 20 (0.1%), immunoreactive complexes were visualized using the ECL chemiluminescence detection system (Amersham).
RNA extraction and RT-PCR. RT-PCR was performed on freshly isolated vascular cells as previously reported by Gauthier et al. (17) . In brief, ECs or smooth muscle cells were selectively aspirated into a large-bore glass pipette (10-to 20-m tip). The pipette (containing 10 -20 cells) was then placed tip down in a sterile 0.5-ml PCR tube, and the pipette tip broken by gentle pressure to release the cell-containing solution. The tubes were snap frozen in liquid N2. The complete firststrand cDNA synthesis solution (Bio-Rad) except reverse transcriptase was added to each tube, followed by two rapid freeze-thaw cycles to rupture cells and allow access to cellular RNA. Reverse transcriptase was then added, and samples were incubated at 42°C for 1 h. The cDNA was divided into three to four aliquots and subjected to PCR amplification using a 45-cycle touch-down protocol with the following gene-specific primers: TRPV4, forward 5Ј-CCA AGG ATG AGG GAG GCT-3Ј and reverse 5Ј-GTC GGA TGA TGT GCT GAA AG-3Ј Materials and solutions. U-46619 was obtained from Cayman Chemical, and ruthenium red was obtained from Calbiochem. GSK1016790A (43) was kindly provided by GlaxoSmithKline Pharmaceuticals. All other chemicals were purchased from Sigma. Stock solutions were made in distilled water except for U46619 (ethanol), GSK1016790A and 4␣-PDD (DMSO), and indomethacin (0.2 M Na2CO3).
Data analysis. Data are presented as means Ϯ SE. Significant differences between mean values were evaluated by Student t-test or ANOVA followed by the Student-Newman-Keuls multiple-comparison test. P values of Ͻ0.05 were considered statistically significant.
RESULTS
Expression of TRPV4 channels in ECs.
Using immunohistochemical analysis, we detected strong staining for TRPV4 protein in the endothelial layer of mesenteric arteries from WT but not TRPV4 Ϫ/Ϫ animals (Fig. 1A) . A weak immunofluorescence was found in the underlying smooth muscles and adventitial layer of mesenteric arteries from both WT and TRPV4 Ϫ/Ϫ animals, which was probably derived from the nonspecific binding of the polyclonal antibodies used in this study. An intact vascular structure was confirmed by hemotoxylin and eosin staining. To further confirm the cell type-specific expression of TRPV4 channels, we examined the expression of TRPV4 mRNA in freshly isolated vascular cells from mouse mesenteric arteries. Consistent with the immunohistochemistry results, TRPV4 transcripts were also detected in ECs but not in smooth muscle cells freshly isolated from WT mesenteric arteries (Fig. 1B) . As parallel controls, the endothelial marker PECAM-1 was present only in ECs, whereas the more ubiquitous housekeeping protein ␤-actin was expressed in both ECs and smooth muscle cells.
TRPV4 agonist-induced Ca 2ϩ response and vasodilator release. The TRPV4-mediated Ca 2ϩ response was determined in the endothelium of freshly isolated small mesenteric arteries from WT and TRPV4 Ϫ/Ϫ mice ( Fig. 2A) . Treatment of mesenteric arteries with GSK1016790A (100 nM), a recently developed selective TRPV4 channel agonist (43) Consistent with its stimulatory effect on endothelial Ca 2ϩ , GSK1016790A (100 nM) elicited a robust endothelium-dependent dilation of mesenteric arteries from WT mice (percent maximal dilation: 67.3 Ϯ 14.2% in intact vessels vs. 7.0 Ϯ 10.5% in denuded vessels; Fig. 2B ). The vasodilator response was abolished by ruthenium red given either before or after GSK1016790A (Ϫ7.6 Ϯ 9.3% and 3.2 Ϯ 9.3%, respectively). No vasodilation response to GSK1016790A was observed in TRPV4 Ϫ/Ϫ animals. In WT mice, GSK1016790A-induced relaxations were markedly inhibited by L-NAME (100 M), a NO synthase inhibitor (26.7 Ϯ 4.9%), and subsequently abolished by high K ϩ combined with L-NAME (Ϫ20.9 Ϯ 5.2%; Fig. 2C ). 4␣-PDD (1 M), another specific and chemically distinct TRPV4 agonist, also dilated mesenteric arteries from WT animals in an endothelium-dependent manner (22.9 Ϯ 5.1% in intact vessels vs. 6.4 Ϯ 1.8% in denuded vessels, n ϭ 4 -5). 4␣-PDD did not elicit significant vasodilation in TRPV4 Ϫ/Ϫ animals (Ϫ0.3 Ϯ 0.2%, n ϭ 4). Together, these data indicate that functional TRPV4 channels are present in ECs of small mesenteric arteries and that activation of these channels leads to endothelial Ca 2ϩ increases and the release of vasodilator factors. Furthermore, no functional response to TRPV4 activation was observed in denuded small arteries.
TRPV4 mediates flow-induced vasodilation. In WT animals, fluid flow elicited flow rate-dependent relaxations (percent maximal dilation: 49.0 Ϯ 3.8%; Fig. 3A ). Flow-induced vasodilation was significantly reduced in TRPV4 Ϫ/Ϫ mice (24.5 Ϯ 4.5%). In contrast, responses to the endothelium-independent vasodilator papaverine were similar in WT and TRPV4
Ϫ/Ϫ mice, with maximal dilations of 99.6 Ϯ 0.3% and 98.5 Ϯ 1.0%, respectively (Fig.  3B) . Furthermore, there were no differences in contractile responses to U-46619 or high K ϩ between those animals, as previously reported (49) .
In WT mesenteric arteries, L-NAME markedly inhibited the dilator responses to flow (22.4 Ϯ 6.2%). The addition of indomethacin, a cyclooxygenase inhibitor, did not produce further inhibition (14.4 Ϯ 4.3%). The residual dilation in the presence of L-NAME and indomethacin was abolished by high K ϩ (Ϫ4.4 Ϯ 2.4%; Fig. 4A ). These results indicate that both NO and EDHF contribute to the flow-induced relaxation of mouse mesenteric arteries. Compared with WT controls, both the L-NAME-and high K ϩ -sensitive components of relaxation responses to flow were reduced in TRPV4 Ϫ/Ϫ mesenteric arteries (Fig. 4B) . We also examined the effects of TRPV4 inhibition on flow-mediated dilation of mesenteric arteries. Ruthenium red (10 M) inhibited flow-mediated dilation in WT animals (12.9 Ϯ 1.6% vs. 45.0 Ϯ 5.2% of controls, P Ͻ 0.05, n ϭ 6) but not in TRPV4 Ϫ/Ϫ animals (20.6 Ϯ 7.3% vs. 26.7 Ϯ 7.0% of controls, n ϭ 5).
TRPV4 mediates flow-induced Ca 2ϩ influx in ECs. We directly measured TRPV4-mediated Ca 2ϩ responses in HCAECs using the fura-2/Mn 2ϩ quenching assay. By removing Ca 2ϩ in the extracellular buffer, this assay allows simultaneous measurements of Ca 2ϩ entry from the extracellular space and Ca 2ϩ release from intracellular stores. As shown in To further confirm that TRPV4 channels are involved in shearinduced Ca 2ϩ entry in ECs, we used an RNA inhibition approach to more specifically target TRPV4 channel function. TRPV4-specific siRNA knocked down mRNA and protein expressions of TRPV4 in HCAECs by Ϸ80% and 60 -70%, respectively, compared with nontargeting control siRNA (Fig. 6, A and B) . TRPV4 siRNA did not affect the expression of PECAM-1 or ␤-actin. The functional knockdown of TRPV4 channels in ECs was confirmed with the fura-2 Ca 2ϩ assay ( (Fig. 7A) . Confocal microscopic imaging analysis revealed plasma membrane localization of TRPV4 channels in transfected cells (Fig. 7B) . The TRPV4-mediated Ca 2ϩ response was studied in control and transfected HEK-293 cells (Fig. 7, C and D) . To determine whether flow induces the opening of TRPV4, we examined Ca 2ϩ responses in HEK-293 cells exposed to flow (Fig. 8,  A and B) . Ϫ/Ϫ animals. This dilation was largely abolished by RuR (10 M) given before or after GSK. n ϭ 3-6 mice. *P Ͻ 0.05 vs. GSK. C: GSK-induced vasodilation was reduced by N G -nitro-L-arginine methyl ester (L-NAME; 100 M) and abolished by L-NAME plus high K ϩ . n ϭ 3 mice. *P Ͻ 0.05 vs. control. (Fig. 5C) .
DISCUSSION
This study provides several new findings regarding the role of TRPV4 channels in shear stress-induced endothelial Ca 2ϩ entry and the potential link between this signaling response and the relaxation of small resistance arteries. First, TRPV4 channels are predominantly expressed in vascular ECs of mouse small mesenteric arteries, and TRPV4 activation induces endothelial Ca 2ϩ entry and vasodilation. Second, genetic deletion of TRPV4 channels inhibits NO-and EDHF-dependent relaxation of small mesenteric arteries in response to flow. Third, blockade of TRPV4 channels by pharmacological inhibitors or gene-specific siRNA markedly inhibits shear stress-induced Ca 2ϩ influx in ECs. Finally, in HEK-293 cells, which are normally unresponsive to flow, transfection of TRPV4 channels induces shear stress-dependent Ca 2ϩ entry with a time course similar to that of ECs. Taken together, these data suggest that the TRPV4 channel is a potential candidate of mechanosensitive channels responsible for flow-induced Ca 2ϩ entry in ECs. The activation of this TRPV4-mediated Ca 2ϩ signaling may ultimately lead to the release of endothelial relaxing factors and subsequent vasodilation. Ca 2ϩ entry has been thought to be involved in endothelial signal transduction in response to shear stress (9) . However, the molecular identity of the specific channel(s) involved in shear signaling remains largely unknown. In the present study, we found that shear stress induced rapid Ca 2ϩ influx in ECs, Fig. 4 . Effects of L-NAME, indomethacin (Indo), and high K ϩ on flowinduced dilation of mouse mesenteric arteries. A: in WT animals, L-NAME (100 M) inhibited flow-mediated dilations, and the addition of Indo had no further effect. The relaxations were blocked by L-NAME plus Indo and high K ϩ . n ϭ 6 mice. *P Ͻ 0.05 vs. control. B: in TRPV4 Ϫ/Ϫ mice, flow-induced dilations were inhibited by L-NAME and converted to constrictions by L-NAME plus high K ϩ . n ϭ 6 mice. *P Ͻ 0.05 vs. control. #P Ͻ 0.05 vs. L-NAME. Previous studies (10, 30, 49) have indicate that in mouse mesenteric arteries, both NO-and EDHF-dependent mechanisms contribute to the relaxation responses induced by chemical agonists. Typically, dilation is initiated by an increase in intracellular Ca 2ϩ in ECs. In accordance with these findings, we found that flow-induced dilation is also mediated by NOand EDHF-dependent mechanisms in these arteries. Compared with WT mice, both L-NAME-and K ϩ -sensitive components of relaxation responses were reduced in TRPV4 Ϫ/Ϫ mice. This suggests that the TRPV4 channel, by regulating Ca 2ϩ entry into the cell, mediates a portion of the flow-induced relaxation responses that involves both NO and EDHF components. This notion is also supported by the observation that the TRPV4 agonist GSK1016790A induced a potent endothelium-dependent relaxation of small mesenteric arteries that was reduced by L-NAME and abolished by the combination of L-NAME and high K ϩ . Activation of TRPV4 channels has also been reported to induce NO-and/or EDHF-dependent vasodilation in rat carotid and gracilis arteries and in mouse carotid arteries (21, 24) . The specific EDHF(s) involved in flow-induced dilation of mouse mesenteric arteries remains to be identified in future studies. In this vascular bed, H 2 O 2 has been proposed as an EDHF for chemical agonist-induced dilation (30) .
In mesenteric arteries, we observed a moderate vasoconstriction (ϳ20%) to the TRPV4 agonist in the presence of L-NAME and high K ϩ . The constriction to the TRPV4 agonist was absent in denuded vessels, indicating that the response is endothelial dependent. It is therefore possible that some vasoconstrictor factor(s) are released from ECs, but their vasomotor effects are evident only in the absence of endothelial vasodilator factors.
Immunohistochemical analysis has indicated that TRPV4 channels are mainly expressed in the endothelium of mouse mesenteric arteries, similar to those previously reported in conduit vessels such as mouse carotid arteries (27, 43, 49) . This expression pattern is consistent with the results of the RT-PCR analysis showing the expression of TRPV4 mRNA in ECs but not in smooth muscle cells. Additionally, no significant vasomotor responses to TRPV4 agonists were observed in denuded mouse small mesenteric arteries, suggesting that the potential contribution of smooth muscle TRPV4 to the overall vascular response is minimal in this vascular bed. Earley et al. (13) recently described a TRPV4-like current activated by 11,12-EET in mesenteric artery myocytes from WT but not TRPV4 Ϫ/Ϫ mice. The reasons for this discrepancy remain unclear. The expression of TRPV4 at either the protein or transcript level in those myocytes and channel activity in response to TRPV4 agonists/blockers have not been examined in that study, and therefore the molecular identities of these TRPV4-like currents may require further characterization. It is of note, however, that the expression of TRPV4 channels has been reported in vascular smooth muscle cells of several vascular beds such as cerebral and pulmonary arteries (12, 29, 45) .
The shear-induced Ca 2ϩ response (18, 22, 23, 34, 35) and Ca 2ϩ -dependent vasodilation (5, 8, 21) have not been observed in all endothelial cultures and/or vascular beds (2, 11, 32) . In particular, Muller et al. (32) reported that in rabbit coronary arterioles, shear stress induces only a small increase in ECs and that clamping of EC [Ca 2ϩ ] i using BAPTA-AM inhibits dilations to acetylcholine and substance P but does not significantly affect shear stress-induced vasodilation, indicating that a substantial component of the shear stress-induced response occurs through a Ca 2ϩ -insensitive pathway. The reasons for these differences regarding the Ca 2ϩ dependency of endothelial shear responses remain unresolved but may involve methodological or species differences. For example, fura-2 has often been used to measure the endothelial Ca 2ϩ response to shear in previous studies, but this probe is less sensitive to localized Ca 2ϩ influx, which most likely occurs during shear. Therefore, a more sensitive method (e.g., Mn 2ϩ quenching assay) (4) may be needed to detect this physiological important Ca 2ϩ influx. Additionally, BAPTA-AM at commonly used concentrations (10 -20 M) seems less effective in buffering near membrane Ca 2ϩ entry from the extracellular space compared with Ca 2ϩ release from intracellular stores (3, 7), although the precise mechanisms are unknown. BAPTA-AM at higher concentrations could be used to examine the role of localized Ca 2ϩ in endothelial shear responses, but higher concentrations are often associated with greater cell toxicity by disrupting intracellular Ca 2ϩ homeostasis. Finally, TRPV4-mediated Ca 2ϩ entry may play a more important role in those smaller arteries such as mouse small mesenteric arteries where flow-mediated dilation involves a significant EDHF-mediated component. It has been reported that the [Ca 2ϩ ] i threshold is higher for EDHF-dependent dilation than for NO-dependent responses (28) . Interestingly, there is still Ϸ50% of flowinduced dilation in TRPV4 Ϫ/Ϫ mice. The remaining dilation may be mediated by some Ca 2ϩ -independent mechanisms such as protein phosphorylation, as previously reported (2) .
The mechanisms by which shear stress activates the TRPV4 channel in ECs remain unclear. As previously described, arachidonic acid and its derivatives, such as EETs, have been suggested to act as endogenous ligands of TRPV4 channels (39, 41) . In mouse carotid arteries, flow-induced dilation is attenuated by the inhibitors of phospholipase A 2 and P-450 epoxygenase, two key enzymes in arachidonic acid metabolism and signaling (24, 27) . Alternatively, TRPV4 activation and Ca 2ϩ entry may lead to the production of arachidonic acid metabolites. Shear-induced activation of TRPV4 channels might involve tyrosine phosphorylation, as has been suggested for the channel activation in response to hypotonic stress (44) . Further indepth analysis of shear-induced Ca 2ϩ entry and currents in native ECs and/or heterologous overexpression systems might provide valuable insights into the mechanisms of TRPV4 activation by shear stress or other mechanical stimuli.
In summary, the present study provides evidence that TRPV4 channels are involved in shear stress-sensitive Ca 2ϩ influx in ECs and flow-mediated dilation of small resistance arteries. Given the predominant expression of these channels in ECs and the potent stimulation of endothelial relaxing factor release in response to channel activation in both resistance and conduit arteries from a variety of species, TRPV4-mediated signaling may serve as a conserved mechanism contributing to the regulation of vascular tone and other endothelial functions and, therefore, may have important implications for vascular health as well as in diseases such as hypertension and atherosclerosis.
